Introduction
Cytochrome c oxidases (CcOs), with a bimetallic active site consisting of a heme a and Cu (Fe a3 /Cu B ) are capable of catalyzing the four-electron reduction of dioxygen to water. [1, 2] Multicopper oxidases, such as laccase, can also activate dioxygen at a site containing a three-plus-one arrangement of four Cu atoms. [3] [4] [5] Extensive efforts have been devoted to develop efficient catalysts for the four-electron reduction of dioxygen because of its great biological interest [6] [7] [8] [9] [10] [11] [12] [13] as well as technological significance, for example, in fuel cells. [14] [15] [16] [17] [18] Electrocatalytic reduction of dioxygen has frequently been used to probe the catalytic reactivity of synthetic CcO model complexes [14] [15] [16] and copper complexes by themselves have been reported to exhibit electroactivity for the fourelectron reduction of dioxygen. [18] In contrast to such heterogeneous systems, investigations on the catalytic reduction of dioxygen by metal complexes in homogeneous systems have provided deeper insight into the catalytic mechanism of the four-electron reduction of dioxygen by detecting reactive metal-dioxygen intermediates as well as by the information provided from detailed kinetics studies. [10-12, 13a,b] With regard to copper-dioxygen intermediates, h 2 :h 2 -peroxo and bis-m-oxo species have been extensively studied in reactions of low-valent metal complexes and dioxygen. [19] [20] [21] [22] [23] [24] However, even if the reaction of an h 2 :h 2 -peroxo species with a substrate (pathway a in Scheme 1) is followed, the reaction may undergo the conversion via the bis-m-oxo species, which may be much more reactive than the corresponding h 2 :h 2 -peroxo species (pathway b in Scheme 1). Thus, it has always been very difficult to clarify the actual reactive intermediate, which could be either the peroxo (pathway a in Scheme 1) or bis-m-oxo species (pathway b in Scheme 1) in the reactions with substrates, unless the ratedetermining step is the interconversion between them when the rate would be independent of concentrations of substrates. [19] [20] [21] [22] [23] [24] In these regards, the roles of the h 2 :h 2 -peroxo versus bis-m-oxo species in the catalytic four-electron reduction of O 2 have yet to be established. There has so far been no report on electron-transfer reactions of h 2 :h 2 -peroxo and bis-m-oxo dicopper species.
We report herein that a binuclear copper complex, [Cu II 4 (1; N3= (-(CH 2 ) 3 -linked bis[2-(2-pyridyl)ethyl]amine), [25] and a mononuclear copper complex, [26] efficiently catalyze the fourelectron reduction of O 2 by decamethylferrocene (Fc*) in
(N3)A C H T U N G T R E N N U N G (H O) ]A C H T U N G T R E N N U N G (ClO 4 )
[Cu II A C H T U N G T R E N N U N G (BzPY1)A C H T U N G T R E N N U N G (EtOH)]A C H T U N G T R E N N U N G (ClO 4 ) 2 (2; BzPY1 = N,N-bis[2-(2-pyr- idyl)-ethyl]benzylamine),
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Keywords: copper · dioxygen · electron transfer · ferrocene · oxygen reduction reaction the presence of trifluoroacetic acid (TFA) in acetone at 298 K. The spectroscopic detection of the intermediate and the dynamics reveal that the catalytic four-electron reduction of O 2 by Fc* with 1 occurs through electron transfer from Fc* to 1, followed by the reaction of the resulting dicopper(I) complex with O 2 to afford a h 2 :h 2 -peroxo intermediate (3), which is further reduced by electron transfer from Fc*. Alternatively a possible interconversion to a bism-oxo dicopperA C H T U N G T R E N N U N G (III) species may occur, followed by fast electron-transfer reduction by Fc*. Electron-transfer reactions of ferrocene derivatives are known to occur by means of an outer-sphere pathway, in which the activation entropy is close to zero. [27] If electron transfer from ferrocene derivatives to 3 proceeds directly by pathway a in Scheme 1, the activation entropy should be the same as electron transfer from ferrocene derivatives to 1. Thus, comparison of the activation entropies of electron transfer from ferrocene derivatives to 3 with those of the electron transfer to 1 provides a unique opportunity to distinguish between pathways a and b in Scheme 1. In the case of [Cu
, the catalytic four-electron reduction of O 2 by Fc* comes about by reduction of 2, followed by the reaction of the resulting Cu I complex with O 2 to afford a bis-m-oxo dicopperA C H T U N G T R E N N U N G (III) species, which here is in fact the key intermediate, reduced by fast electron transfer from Fc*.
Results and Discussion
Synthesis and structure of the binuclear Cu II complex: 4 (1) was prepared by the reaction of Cu II A C H T U N G T R E N N U N G (ClO 4 ) 2 ·6 H 2 O with the N3 ligand in acetone and recrystallized from acetone/diethyl ether. The X-ray crystal structure is shown in Figure 1 , in which the copper coordination units are separated from each other with Cu···Cu = 7.268 (2) . The Cu II ions are found to be the pseudotetrahedral geometry coordinated to two pyridyl and one amino nitrogen atoms from the tridentate chelate as reported for the dicopper(I) complex [25b] (for crystal data, structure refinements and bond lengths, see Tables S1 and S2 in Supporting Information).
The large Cu···Cu distance resulted in no paramagnetic coupling, as evidenced in the EPR spectrum of 1 (Figure 2 ).
The A k value is expected to decrease as the degree of geometrical distortion increases from a square-planar structure towards a tetrahedral structure. [28, 29] Thus, the observed small A k value (62 G) of 1 in acetone ( Figure 2) indicates that the pseudotetrahedral geometry in Figure 1 is kept in solution. In contrast to the EPR spectrum of 1, the A k value (170 G) of 2 ( Figure 2 ) indicates much less distortion from planarity. Such a structural difference between 1 and 2 is expected to affect the electron-transfer properties (vide infra). In both cases, the EPR spectra in Figure 2 are axial with g k > g ? > 2.0, indicating a d x 2 Ày 2 ground state. [30] Redox potentials of Cu II complexes: Cyclic voltammograms of 1 and 2 in deaerated acetone containing TBAPF 6 (0.10 m; TBAPF 6 = tetrabutylammonium hexafluorophosphate) at 298 K are shown in Figure 3 . In each case, a quasi-reversible couple between the Cu II and Cu I complexes is observed. From the E 1/2 values, the one-electron reduction potentials (E red ) of 1 and 2 were determined to be 0.37 and 0.11 V (vs. SCE), respectively. Thus, when Fc* (E ox = À0.08 V vs. SCE) [31, 32] and octamethylferrocene (Me 8 Fc: E ox = À0.04 V vs. SCE) [31, 32] are employed as electron donors, electron transfer from Fc* and Me 8 Fc to 1 and 2 occurs to produce the corresponding ferrocenium cations and the Cu I complexes.
The larger peak separation between cathodic and anodic peaks of 2 than those of 1 at the same sweep rate in Figure 3 (for example, 0.16 V for 1 and 0.19 V for 2 at the scan rate of 0.10 V s
À1
) is consistent with the larger structural change expected for 2 as compared with 1. A more quantitative analysis was performed by analyzing the rates of electron transfer from ferrocene derivatives to 1 and 2 (vide infra). 
the spectral changes for the catalytic reduction of O 2 by Fc* with 1 and 2 in the presence of TFA in acetone at 298 K.
When more than four equivalents of Fc* relative to O 2 (that is, limiting [O 2 ]) were employed, four equivalents of Fc* + (l max = 780 nm) were formed in the presence of excess TFA (Figure 4) . [33] Although, O 2 slowly oxidizes Fc* without the presence of catalyst with a large excess of TFA in acetone, there was no further oxidation of Fc* under the present experimental conditions, see the inset of Figure 4 . [34] Iodometric titration experiments (see Figure S1 in the Supporting Information) [35] confirmed that no H 2 O 2 was formed. Thus, the four-electron reduction of O 2 by Fc* occurs efficiently with catalytic amounts of 1 or 2 in the presence of TFA [Eq. (1)]. When Fc* was replaced by octamethylferrocene (Me 8 Fc), the four-electron reduction of O 2 by Fc* also occurred efficiently with 1. However, no catalytic reduction of O 2 with 1 occurred when Fc* was replaced by 1,1'-di-
Catalytic mechanisms of four-electron reduction of dioxygen by Fc*: The catalytic mechanisms of the four-electron reduction of O 2 by Fc* with 1 and 2 were examined step by step. First, electron transfer from Fc* to 1 and 2 was examined by stopped flow measurements. Electron transfer from Fc* (E ox = À0.08 V vs. SCE) to 1 (E red = 0.37 V vs. SCE) and 2 (E red = 0.11 V vs. SCE) (Figure 3 ) occurs efficiently because the reactions are exergonic (DG et < 0). The rate of electron transfer from Fc* to 1 was too fast to be determined by stopped flow measurements in acetone at 298 K. When Fc* is replaced by weaker electron donors (1,1'-dimethylferrocene Me 2 Fc: E ox = 0.26 V vs. SCE and ferrocene Fc: E ox = 0.37 V vs. SCE) [31, 32] , the rates of formation of ferrocenium cations could then be readily determined. The rates obeyed clean pseudo-first-order kinetics as shown in Figure 5 A. This indicates that electron transfer from the ferrocene derivatives to 1 and 2 occurs directly without involvement of any rate-determining geometry change of the Cu II complexes to a more active form, followed by rapid electron transfer. The second-order rate constants (k et1 ) of electron transfer from ferrocene derivatives to 1 and 2 were determined from the slopes of linear plots of the pseudo-firstorder rate constants versus concentrations of ferrocene derivatives (Figure 5 B) According to the Marcus theory of electron transfer, the k et value is determined by the free energy change of electron transfer (DG et ) and the reorganization energy of electron transfer in Equation (2) in which Z is the collision frequency taken as 1 10 11 m À1 s À1 . [36] k
The DG et values of electron transfer from ferrocene derivatives to Cu II complexes (1 and 2) are obtained from the E ox values of ferrocene derivatives (Table 1) and the E red values of Cu II complexes (Figure 3) . Then, the l value of electron transfer from is determined from the k et and DG et values using Equation (3), which is derived from Equation (2). [37] l ¼ÀDG et À2RTlnðk et =ZÞ
Virtually the same l value (1.6 eV) is obtained from the
. Because the l values of electron self-exchange between ferrocene derivatives and the corresponding ferrocenium cation derivatives are nearly the same irrespective of the number of methyl substituent, [38] the smaller l value of the electron-transfer reduction of 1 relative to 2 results from the pseudotetrahedral structure of 1 (Figure 1) , which minimizes the structural change upon the electrontransfer reduction.
Once Figure 6 ; the decay of absorbance at 490 nm due to 3 is accompanied by the appearance of absorbance at 780 nm due to Fc* + (inset of Figure 6 ).
The one-step reaction in Figure 6 suggests that initial electron transfer from Fc* to 3 is the rate-determining step followed by rapid electron transfer from Fc* to [Cu II
(N3)(O )]
+ . The rate of electron transfer from Fc* to 3 also obeyed clean pseudo-first-order kinetics (Figure 7 A) and the pseudo-first-order rate constant (k obs ) increases linearly with increasing concentration of Fc* (Figure 7 B) . The second-order rate constant (k et2 ) of electron transfer from Fc* to 3 was determined from the slope of a linear plot of k obs vs. [Fc*] to be 18 m À1 s À1 at 193 K. The rate of electron transfer from Fc* to 3 was not affected by the presence of Figure 5 . a) First-order plots of electron transfer from Fc to 1 (red, cyan, and blue lines) and from Fc* to 2 (black, green and pink lines) in acetone at 298 K. b) Plots of the pseudo-first-order rate constants (k obs ) of electron transfer from ferrocene derivatives to 1 and 2 in acetone versus concentrations of ferrocene derivatives to determine the k et1 values at 298 K. Table 1 . One-electron oxidation potentials (E ox ) of ferrocene derivatives, rate constants (k et1 ) of electron transfer from ferrocene derivatives to 1 and 2 in acetone at 298 K.
Fc* À0.08 [a] Too fast to be determined. [b] No reaction.
Scheme 2.
www.chemeurj.org one equivalent of TFA (see Figure S2 in the Supporting Information). This indicates the electron transfer is not coupled with the protonation of 3.
[39] When Fc* was replaced by a weaker electron donor (Me 2 Fc), no electron transfer from When Me 2 Fc is replaced by N,N,N',N'-tetramethylphen-A C H T U N G T R E N N U N G ylene-diamine (TMPD), electron transfer from TMPD to 3 occurred to completion as indicated by disappearance of the absorption band at 490 nm due to 3, which was accompanied by appearance of the absorption band at 600 nm due to TMPDC + ( Figure S4 in SI) . [40] Based on the one-electron oxidation potentials of TMPD (E ox = 0.12 V vs. SCE)
[40b] and Me 2 Fc (E ox = 0.26 V vs. SCE), [31, 32] the one-electron reduction potential of 3 can be estimated to be E red = (0.19 AE 0.07) V vs. SCE, which is significantly lower than the E red value of 1 (0.37 V vs. SCE).
The temperature dependence of both the k et1 and k et2 values was examined at low temperatures. The Eyring plots of k et1 and k et2 shown in Figure 8 afforded the activation parameters that are listed in Table 2 
The K o value should be much smaller than 1 (K o ! 1), because no bis-m-oxo intermediate has been observed. [41] In such a case, the observed rate constant (k obs ) would be much smaller than the rate constant of electron transfer to the putative bis-m-oxo intermediate (k obs ! k et ) and the observed activation entropy would not be the same as that of electron transfer, because it would be given as the sum of the activa- 
tion entropy of electron transfer (DS et°% 0) and the entropy of the formation of the bis-m-oxo intermediate (
. [42] Virtually the same DS°values (ca. 0) for electron transfer from Fc* and Me 8 Fc to 1 and 3 given in Table 2 clearly indicate that electron transfer from Fc* and Me 8 Fc to 3 occurs directly rather than through the interconversion from 3 to the corresponding bis-m-oxo intermediate followed by rapid electron transfer from Fc* and Me 8 Fc (Scheme 3).
Because the E red value of 3 was evaluated as (0.19 AE 0.07) V (vide supra), the DG et values of electron transfer from Fc* and Me 8 Fc were evaluated to be (À0.27 AE 0.07) and (À0.23 AE 0.07) eV, respectively. The l value of electron transfer from Fc* and Me 8 Fc to 3 was estimated from the k et and DG et values by using Equation (3) to be (2.2 AE 0.1) eV, which is significantly larger than the value of electron transfer from ferrocene derivatives to 1. The larger l value of 3 with respect to 1 is consistent with direct electron transfer from ferrocene derivatives to 3, which involves the cleavage of the O À O bond.
The catalytic mechanism of the possible two-electron versus the actual four-electron reduction of O 2 by Fc* with 1 is summarized in Scheme 4. The initial electron transfer from Fc* to 1 is fast, and it is followed by the reaction of the dicopper(I) complex with O 2 to afford the h 2 :h 2 -peroxo complex 3. The efficient direct electron-transfer reduction of 3 by Fc* rather than that through the conversion of the h 2 :h 2 -peroxo complex 3 to the bis-m-oxo complex, as compared with the formation of H 2 O 2 by the reaction of 3 with protons, may be the rate-determining step, leading to the catalytic four-electron reduction of O 2 by Fc*.
When
is reduced to the Cu I complex, the reaction with O 2 is known to afford the bis-m-oxo complex 4 (Scheme 5).
[16] The formation of 4 (l max = 390 nm) by the reaction of the Cu I complex with O 2 is shown in Figure 9 . Electron transfer from Fc* to 4 occurs rapidly upon mixing in acetone even at 193 K to produce two equivalents of Fc* + (Figure 9 ) and the rate was not affected by 
Conclusion
In summary, copper complexes 1 and 2 act as efficient catalysts for the four-electron fourproton reduction of O 2 by Fc* in the presence of TFA in acetone. In the case of 1, the direct electron-transfer reduction of the h 2 :h 2 -peroxo complex 3 by Fc* rather than through the interconversion from 3 to a bis-m-oxo complex isomer occurs. For 2, the rapid reduction of bis-m-oxo inter- 
Experimental Section
Materials: Commercially available reagents, decamethylferrocene (Fc*), octamethylferrocene (Me 8 Fc), 1,1'-dimethylferrocene (Me 2 Fc), ferrocene (Fc), trifluoroacetic acid (TFA), hydrogen peroxide (50 %), and NaI (Junsei Chemical Co., Ltd.) were the best available purity and used without further purification unless otherwise stated. Acetone was dried according to the literature procedures [43] and distilled under Ar prior to use. Copper complexes, [Cu Data collection was carried out on a Bruker SMART AXS diffractometer equipped with a monochromator in the Mo Ka (l = 0.71073 ) incident beam. The CCD data were integrated and scaled using the Bruker-SAINT software package, and the structure was solved and refined using SHEXTL V 6.12.
[44] The crystal contains four perchlorate anions, two of which are disordered. Three oxygen atoms of the two disordered perchlorate anions were situated on a twofold axis. All non-hydrogen atoms were refined with anisotropic thermal parameters. Instrumentation: UV/Vis spectra were recorded on a Hewlett Packard 8453 diode array spectrophotometer equipped with a circulating water bath or an UNISOKU RSP-601 stopped-flow spectrometer equipped with a MOS-type highly sensitive photodiode array. Measurements of cyclic voltammetry (CV) were performed at 298 K using a CHI630B electrochemical analyzer in a deaerated acetone containing 0.10 m TBAPF 6 as a supporting electrolyte. A conventional three-electrode cell was used with a platinum working electrode and a platinum wire as a counter electrode. The measured potentials were recorded with respect to the Ag/ Ag + (0.010 m). The redox potentials (vs. Ag/Ag + ) were converted to those vs. SCE by adding 0.29 V. [45] All electrochemical measurements were carried out under an Ar atmosphere.
UV/Vis spectral titration: The catalytic reduction of O 2 was observed by the spectral change in the presence of various concentrations of TFA at 298 K. Typically, a solution of TFA in dichloromethane (0-1.0 10 À2 m) was added to an O 2 -saturated acetone solution containing Fc* (2.0 10 À3 m) and 1 or 2 (1.0 10 À4 m). The concentration of the generated Fc* + was determined from the absorption band at l max = 780 nm (e = 5.8 10 2 m À1 cm À1 ). The e value of Fc* + was confirmed by the electron-transfer oxidation of Fc* with p-benzoquinone in the presence of TFA. The limiting concentration of O 2 in an acetone solution was prepared by a mixed gas flow of O 2 and N 2 . The mixed gas was controlled by using a gas mixer (Kofloc GB-3C, KOJIMA Instrument Inc.), which can mix two or more gases at a certain pressure and flow rate.
Iodometric titration for the determination of H 2 O 2 : The amount of H 2 O 2 was determined by the titration by iodide ion. The diluted acetone solution (1/15) of the reduced product of O 2 was treated with an excess amount of NaI. The amount of I 3 À formed was then determined by the visible spectrum (l max = 361 nm, e = 2.5 10 4 m À1 cm À1 ). 2 Cu III A C H T U N G T R E N N U N G (BzPY1)] 2 + (4). All kinetic measurements were carried out under pseudo-first-order condi- tions where concentrations of Fc* was maintained to be more than in tenfold excess compared to the concentration of 1 or 2.
